Abstract
Introduction
The mobile satellite ground station is essential with the increased use of satellite technology for communication, education and for the radio amateur enthusiast. There is a need to extend this technology to the remotest parts of Africa, but many of these areas lack a connection to the electrical grid. This research is an attempt to solve this problem by developing a PV standalone module ideal for a portable satellite ground station. Kaldelis et al., (2010) observe that 90% of today's installed PV power is standalone with 80% being used in communication and water pumping and, while the initial cost of a PV array is higher than a diesel generator, it is maintenance free, has no fuel cost, no replacement of parts, and lasts up to 20 years. While the diesel generator lasts for only 10 years. They conclude that PV standalone with a battery is efficient up to 1kW load. This makes it ideal for the ground station application since its demand is about 600W. The research addresses lack of reliability of the systems due to poor sizing of the components. A larger solar panel than the battery will result in wastage of power as heat and an unnecessarily high cost of the energy produced, while a smaller panel makes the installation unreliable. The research attempts to use the power demand of the load, to come up with equivalent size of panels, components and battery to design a reliable and portable PV standalone system.
South Africa PV power production outlook
The PV industry scenario in the world is as follows: The USA completed a 14MW plant in 2007 and Spain a 20MW plant in the same year. The scenario in Africa is different with its PV systems being mostly standalone systems, having a production capacity of less than 1MW. This finds application in rural electrification, health centres, and rural households. The same scenario is replicated in Bangladesh, Kenya, and Sri-Lanka. South Africa has this form of PV system with an estimated capacity of 21MW. Bhandari and Stadler (2011) observe that, there has been a rapid growth in production of low cost photovoltaic components. This coupled with steps taken by some governments to subsidise the cost of PV installation and the initiative by some countries to purchase PV energy connected to the grid has made photovoltaic energy economically viable.
South Africa is credited with having some of the highest amount of irradiation globally with Northern Cape Province having the highest solar resource in the country. It has 30% higher irradiation levels than the best sites in Spain. Upington in the Northern Cape has more than 6.5kW/m 2 /day average global irradiation. Other areas include the Free State, North West, Limpopo, and interior parts of Western Cape and the Eastern Cape. Thus solar potential in South Africa is considerable.
The South African Department of Energy conducted a pre-feasibility study, through an MOU between the government and the Clinton Climatic Initiative in October 2009, with the aim of exploring the potential of a solar park. This study recommended one of the potential sites as Upington in the Northern Cape. This proposed site has the potential of producing up to 5000MW of electrical power. Kaldelis et al., (2010) states that there will be a drastic increase in the market of a PV standalone system in developing countries in future, especially in rural electrification. They note the following trend:
Load capability of PV standalone system
• Currently it can be estimated that 90% of today's installed PV power is stand alone.
• Up until 1997, about 640MWp of PV power had been installed. • 80% of all PV stand-alone power installed is used in communication, water pumping and domestic power supply.
The German Solar Energy Society, Ecofys (2005), notes the following economic considerations in deciding on a power system: • Portable throw away batteries: There will always be a market for portable primary throw away batteries for the lowest levels of energy demands e.g. watches, torches and radios. Good rechargeable batteries with a PV battery charger will prove cheaper than disposable batteries over a few years. From this analysis it can be concluded that the most economic load of a PV system is limited by the size of the load to be powered.
Challenges of PV implementation
The most commonly used solar cells currently have a light to electricity conversion efficiency of only 16%. This poses a challenge to this research as the CubeSat Satellite Ground Station load is variable and needs quite large power during tracking and downloading of data within a specified time limit. This presents a challenge in accurate determination of the power budget of the ground station and the rating of the solar generator capable of providing this power.
Effect of solar insolation
The amount of sunshine received at any time during the day is called solar irradiance, light intensity, solar flux, solar intensity, solar irradiance or irradiation. Solar irradiance varies throughout the day due to the movement of the sun and the clouds. The amount of irradiance measured in a day over a period of time is called daily solar insolation. Its units are watts per square meter (W/m 2 ) or milliwatts per square centimetre (mW/cm 2 ). On a very clear day, the irradiance reaching a surface that faces the sun is approximately equal to 1000W/m 2 . This is also represented by light spectral AM1.5 (Robert, 1991). As solar irradiance plays a vital role in the output power of the PV system, but how will the solar insolation level affect the operation of the designed system? What level of insolation results in efficient operation? How will the system operate in other insolation levels?
Temperature effects
Temperature rise and fall has a significant effect on the PV output. A rise in temperature reduces the performance of the array. Drop in temperature increases the voltage output. The temperature of the site of operation is taken into account.
Insolation and current effect on the system
The electrical current generated by a module is directly proportional to the irradiance reaching it. This means for maximum current output, the sun should be overhead the module and the module should be placed horizontally. If the position of the sun in the sky is about 30 degrees, the module should be tilted at an angle of 60 degrees from the horizontal for maximum current. As the sun moves irradiance changes thus the generated current varies throughout the day. The charging current is highest at midday and lowest in the evening. This means highest charging of the battery happens in the middle of the day. Clouds cover affects the irradiance and the charging current. During cloudy days, little current is generated as the irradiance reaching the earth is reduced. When there is a thin layer of cloud the irradiance might be 300W/m 2 , with thick cloud cover this is reduced to 100W/m 2 and the current will be zero with very little charging (Robert, 1991) . The challenge is to determine the effect of the sun movement and the percentage cloud cover on the designed PV system.
PV components power rating effect
A photovoltaic system consists of PV components sized and connected to work in harmony. The components making up a PV system are:
• A solar generator with a mechanical support • Storage (batteries) • Power conditioning, and control equipment PV systems rely on the irradiation of the solar energy on the PV cell to generate electricity. Without this irradiation, no energy is generated. To allow for continual supply of energy to the loads at night and during cloudy seasons, energy is stored. A battery is used for this purpose. Other elements used with PV systems include:
• Power conditioning elements; these are used to condition the DC voltage from the solar cell to AC.
• A PV system depends on irradiation, which is very variable. The control equipment boosts the solar energy and reduces this variation. They interface different parts of the system to the DC load.
In order to increase the reliability of the system, there is a need to design size and carry out proper installation and termination. Markvat (2008) observes that reliability of solar energy plays a crucial part in its design. Most decisions during design consider maximum power production and reliability.
The challenge for this project is to determine the CubeSat ground station power budget, followed by the determination of the rating of the solar panels and the PV components capable of carrying this load, taking into consideration the cost of the PV energy produced. Figure 1 shows the satellite ground station equipments. The azimuth/rotator is powered from 227VAC. It's used during tracking and downloading data. The communication equipment includes the transceiver, RF line control unit, receiver and the microphones. These are powered from a 13.8VDC, 0-30A power supply. The PC is powered from 227VAC. Figure 2 indicates the antennas at the CPUT satellite ground station use during tracking and downloading of data. This is the overall load to be powered by the PV power module. 
Methodology

The satellite ground station load
Ground station power consumption determination 3.2.1 Azimuth/ rotator maximum power
The power consumption of the azimuth/rotator is determined by logging the power while operating it up to its full operation capacity, when both Azimuth and controller functions are at maximum. Table 1 shows the maximum current and power measurements. Table 2 shows the variation of the current, voltage and the resultant power output during tracking and downloading of data from a satellite. 
Communication equipment power
Total ground station power budget
From the described analysis, the power budget can further be derived as shown in Table 3 , assuming maximum power consumption during any time of the elements operation. Table 2 and the PC power consumption, the interconnection of the Ground Station equipments and the resultant power topology can be represented by Figure 3 .
The power consumption structure
Again using Tables1 and 2 and the PC power consumption, the power topology is further broken as illustrated in Tables 4 and 5 to allow flexibility in data analysis. Figure 3 , the equivalent PV topology is designed as in Figure 4 .The ratings and numbers of the components are determined focusing on the Ground Station power budget. The following formulas are used:
All other elements are also sized with reference to the ground station power budget. Table 6 is a list of components and their specification ideal for this project. 
Investigation and measurements
To determine the capability of the PV system logging in is done for a load representing a specific function of the Ground station. The time for logging is 1 hour, which represents time for two satellites downloads. The basis for logger measurements takes into account the following power based formulas:
The solar cell is the main converter of photon energy to electric energy. The cells are connected to form solar panels. The panels are connected in parallel and placed at an angle of 45 0 . Their production is about 200Wp.
The PV energy control centre consists of circuit breakers for circuit protection, charge controllers, inverters, step down DC/DC converters and the batteries. The incandescent bulbs are found the most ideal to analyse power consumption of the Satellite load, since they don't have a reactive component resulting to a pure sinusoidal output. Figure 5 illustrates this analysis connection. 
Logging and data taking
Measurement and logging is done to determine the capability of the PV system to power the Ground Station. The battery and the PV voltage are noted at the start and the end of the logging in period. The following is an illustration of successful logging in and the ultimate RMS value of voltage and current. This was repeated in consecutive days to come up with a good sample.
Data taken on 27/05/2012
On this date, the measurements for RMS values of current and voltage at 60W and 160W loads were determined. This was followed by logging in for one hour to analyse the variation of voltage and current with time. Table 7 indicates a summary of the measurements done on this date.
Data of 28/05/2012
On this date, it was possible to log in a 260W load, followed by a 300W load for a total of one hour. Table 8 indicates measurements of RMS of voltage, current and frequency at the start of the analysis followed by variation of these parameters during logging in period 
Data of 29/05/2012
A 300W load was successfully logged this date. Table 9 indicates the RMS of voltage, current and frequency. This is followed by variation of these parameters with time during one hour logging in and the resultant PV system power. 
Data of 30/05/2012: NO LOAD condition
On this date, the PV power system portrayed output characteristics as indicated in Table 10 , which includes RMS voltage of 0.1V and a resultant average output RMS power of 0.555W. This implies that the PV power system is unable to power the ground station. 
Time plot for 360w load (05/05/2012)
The time plots are done to reveal the quality of the voltage and current supplied by the PV system during access time of the satellite. Figure 6 shows the voltage and current variations plotted against time for a load of 360W for the duration of 36 minutes. This load represents all the functions of the ground station. The study is to establish the capability to power the ground station and the quality of the voltage and current during its operation. Table 12 is the summary, while Table 13 represents the equivalent power variation during the logging in time. Figure 7 shows Table 14 is the summary of the variation with time and Table 15 is the equivalent variation of power with time for duration this time when tracking and downloading of data is in progress.
Time plot for 400W loads (07/05/2012)
Summary of the measurements done
The parameters of the PV system monitored against the Ground station equivalent load are illustrated in Table 16 .
Solar insolation considerations
Solar irradiance is the amount of sunshine received at any time during the day, while solar insolation is the amount of irradiance measured in the day. Solar irradiance varies throughout the day due to movement of the sun and cloud cover. In order to reach a conclusion on the reliability of the designed PV system, solar insulation and cloud cover must be taken into account. 
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Solar insolation and cloud cover
Solar insolation which is the average solar irradiation received in a day is measured in W/m 2 . On a very clear day, the irradiance reaching the earth surface, facing the sun is 1000W/m 2 (A.M1.5). From the data of Table 17 , this is rearranged as in Table 18 , which indicates percentage suns presence and the solar insolation level of the days the data was collected. From this table, solar insolation was only possible with a cloud cover of over 50%. Table 20 illustrates the relationship between solar irradiation, maximum load, PV system maximum power and the ground station function. The 
Insolation, power and ground station function
